A mutant of Arabidopsis thaliana has been isolated in which ribulose-1,5-bisphosphate carboxylase is present in a nonactivatable form in vivo. The mutation appears to affect carboxylase activation specifically, and not any other enzyme of the photosynthesis or photorespiratory cycles. The effect of the mutation on carboxylase activation is indirect, inasmuch as the properties of ribulose-1,5-bisphosphate carboxylase purified from the mutant are not distinguishable from those of the wild type enzyme. The mutant requires high levels of atmospheric CO2 for growth because photosynthesis is severely impaired in atmospheres containin normal levels of C02, irrespective of the atmospheric 02 concentration. In this respect, the mutant is distinguished from previously described high-CO2 requrin mutants of Arabidopsis which have defects in photorespiratory carbon or nitrogen metabolism.
effect of the mutation on carboxylase activation is indirect, inasmuch as the properties of ribulose-1,5-bisphosphate carboxylase purified from the mutant are not distinguishable from those of the wild type enzyme. The mutant requires high levels of atmospheric CO2 for growth because photosynthesis is severely impaired in atmospheres containin normal levels of C02, irrespective of the atmospheric 02 concentration. In this respect, the mutant is distinguished from previously described high-CO2 requrin mutants of Arabidopsis which have defects in photorespiratory carbon or nitrogen metabolism.
The regulation of RuBP2 carboxylase activity by light was originally suggested as a possible explanation for the response of metabolite pools during light/dark transitions in Chlorella (15) . There have been subsequent reports of light regulation of the enzyme in isolated, intact chloroplasts (2, 5, 6, 11) , intact leaves (13, 16) , and in a reconstituted chloroplast system (9) . However, the physiological significance of light activation remains equivocal. Robinson et al (19) have argued that the magnitude of the increase in RuBP carboxylase activity observed following illumination of leaf protoplasts is too small to be of significance since the enzyme activity in nonilluminated protoplasts is sufficient to support maximal rates ofC02-fixation. Also, unlike those enzymes subject to light regulation by thioredoxin or LEM-mediated reduction (3), full activation of purified RuBP carboxylase may be achieved in vitro (in the presence of Mg2' and C02) without the addition of any other factors (10) . The stimulatory effect of light may simply reflect increased carbamate-activation of the enzyme (12) brought about by the light induced increase in stromal Mg2+ concentration and pH (17, 18, 24) .
A major problem with attributing the regulation of RuBP carboxylase activity solely to Mg2' and pH effects is that the 2Abbreviations: RuBP, ribulose-1,5-bisphosphate; LEM, light effect mediator; Ru5P, ribulose-5-phosphate; SBP, sedoheptulose-1,7-bisphosphate; FBP, fructose-1,6-bisphosphate; IRGA, infrared gas analyzer. purified enzyme rapidly loses activation under assay conditions which mimic those thought to exist in the chloroplast (1, 11, 14) . Thus , there has been considerable interest in the possible regulatory significance of various sugar phosphates which affect RuBP carboxylase activation in vitro (reviewed in [11] ). It has recently been suggested that these compounds affect activation by binding at the substrate (RuBP) site and promoting the formation of the activator carbamate (1) . If the enzyme cannot be simultaneously catalytically competent and stabilized in the activated state by these metabolic effectors, as proposed (1) , then the significance of sugar phosphate activation observed in vitro is not evident.
We have described a method for the isolation of mutants of the C3 species Arabidopsis thaliana (L.) Heyn. which require high levels of atmospheric CO2 for growth (20) (21) (22) (23) . Although all previous mutants recovered by this screening method have defects in photorespiratory carbon or nitrogen metabolism, the method also permits the recovery of mutants which require elevated CO2 because of a reduced affmity of the carboxylation reaction for CO2. In this report we describe the properties of such a mutant, in which the in vivo activity of RuBP carboxylase is much lower than in the parental wild-type.
MATERIALS AND METHODS
Plant Materials and Growth Conditions. All lines ofArabidopsis thaliana (L.) Heyn. described here are descended from the Columbia wild-type. The procedures for isolation and maintenance of the mutant lines have been described (20, 23) . The original line CS207 lacked vigor under all growth conditions and exhibited abnormalities in morphology. In order to separate the mutations responsible for these effects from the mutation of interest CS207 was backcrossed to the wild type in the M4 generation and a line with improved vigor, designated CS207 1, was selected from the resulting F2 population on the basis of a growth requirement for high levels of atmospheric CO2. The line CS2071 is green and generally healthy in appearance when grown under high CO2 but becomes chlorotic after several days of illumination in standard atmospheric conditions. Gas Exchange Measurements. Intact plants were placed in a transparent chamber maintained at 24°C by immersion in a circulating waterbath, and gassed continuously with 344 ,ul/I C02, 2% 02, balance N2 humidified to 56% RH. The gas exited sequentially through a copper coil maintained at 30°C, the cuvette of a RH meter, a drying tube, and an IRGA. Flow rate, monitored with a mass flowmeter, was adjusted so as to permit accurate determination of transpiration rate rather than to optimize photosynthesis rate. Illumination (300 ,E m2 s , 400-700 nm) was provided by a tungsten flood lamp equipped with an optical filter to prevent transmittance of infrared radiation. t,Ci/,tmol) was generated at various concentrations by injecting NaH'4CO3 through a rubber septum into the phosphoric acid. The pressure resulting from the production of CO2 was released by transiently opening the circuit distal to the C02-generator. The system was then closed and the CO2 distributed through the system by the action of the pump. Following 10 min of illumination the plants were quickly (3-5 s) 3P Labeling of Chloroplasts. Washed chloroplasts were prepared from protoplasts as described (21) . As some difficulty was encountered in stripping the epidermis from leaves of the mutant CS207 1, protoplasts of both wild-type and mutant were obtained from razor chopped material. For this reason, C02-fixation rates were reduced in comparison with the rates obtained previously (21) .
Chloroplasts containing 40 jig Chl were added to I ml of 0. This procedure eliminated the excess 32PO4 which would otherwise hamper analysis of labeled metabolites. The pellets were resuspended in water, frozen, centrifuged, neutralized with NaHCO3 and products separated by HPLC (4).
RESULTS
Photosynthesis Measurements. All of the previously characterized mutants of Arabidopsis which were isolated on the basis of a (20, 22, 23) Since photorespiration is suppressed in atmospheres containing high levels of CO2 or low levels of 02, the effects of the mutation are not expressed under these atmospheric conditions.
In the exceptional mutant line CS207 1, photosynthesis is greatly inhibited irrespective of the atmospheric 02 concentration. This is illustrated for low 02 concentration in Figure 1 , in which the gas exchange characteristics of the mutant and the wild-type are compared under nonphotorespiratory conditions (344 ,ul/1 C02, (Fig. iB) is accompanied by a corresponding reduction in the rate of photorespiration as measured by the rate of release of CO2 into a C02-free gas stream (results not presented). However, the transpiration rates of the mutant and the wild-type were similar (Fig. IA) , indicating normal stomatal function in the mutant. Analysis of leaf extracts indicated that a normal level of carbonic anhydrase was present in the mutant (results not presented). Thus, something other than the availability of intracellular CO2 was limiting the rates of carboxylation and oxygenation of RuBP in the mutant. In contrast to the other C02-requiring mutants (20, 22) , the mutant CS207 1 does not exhibit the progressive inhibition of photosynthesis rate associated with accumulation or depletion of a metabolite. Rather, the photosynthesis rate increases almost linearly for the first several min of illumination, then abruptly stabilizes. In this respect, the response of the mutant is distinguishable from that of the wild type not only in maximal rate, but also in the time required to attain maximal rate.
Because preliminary gas exchange measurements of photosynthesis indicated CO2 saturation at concentrations greater than could be measured by an IRGA, the C02-response curve of photosynthesis was measured as net "4CO2 fixation (Fig. 2A) (Table I) , revealed an abnormal distribution of label among the products of photosynthesis. In short term (10 min) labeling experiments, conducted in nonphotorespiratory conditions, the mutant showed a dramatic increase in the proportion of label which accumulated in RuBP, and reduced accumulation of label in the carbohydrate fractions (neutral and insoluble). The accumulation of label in RuBP by the mutant was largely reversed when the plants were labeled in atmospheres containing high levels of C02 (Fig. 2B) , whereas the labeling of RuBP in the wild-type was unaffected by the external C02 concentration. Similarly, the proportion of label in the carbohydrate fractions in the mutant increased to wild-type levels when plants were labeled in high C02 (results not presented).
RuBP Carboxyase Activity In Vitro. To examine the possibility that the mutant line has an alteration in RuBP carboxylase, the enzyme was purified by sedimentation and the kinetic constants of the enzymes from wild-type and mutant were determined. It was found that the enzymes from the two sources were indistinguishable with respect to Vmax and Km values for C02, RuBP, and Mg2+ (Table II) .
RuBP carboxylase also possesses a C02-binding site which has been distinguished from the binding site for catalysis and is involved in altering the kinetic constants of the catalytic reaction (10, 12 (Table II) , obtained from the data in Figure 3 , were similar for the enzymes from the mutant and the wild-type.
The enzymes from the mutant and the wild-type were also compared by isoelectrophoresis in narrow (5-7) pH range denaturing polyacrylamide gels. No differences were found in the isoelectric points of the large or the small subunit (results not presented). From this we concluded that the mutation in CS207 1 change and metabolite levels suggested that the enzyme was not normally active in vivo. This hypothesis was tested by employing methods which permitted the rapid release and assay of RuBP carboxylase from leaves, protoplasts, and isolated chloroplasts. The approach is predicated on the general observation that, for several metabolite regulated enzymes, the transition from active to inactive form is a sufficiently slow process that may be observed by employing rapid extraction and assay techniques.
The effect of light and C02 concentration on rapidly extractable RuBP carboxylase activity in intact plants is presented in Figure  4 . Prior to illumination, both mutant and wild-type have similar levels of activity. Following the onset of illumination, wild-type activity increases, whereas activity in the mutant decreases. High levels of atmospheric C02 (1%) stimulate the activity observed in wild-type extracts but do not prevent the decline of activity observed in mutant extracts. From these results it is apparent that the in vivo activation state of RuBP carboxylase can be modulated by light and C02. It is also apparent that the mutant either lacks this mechanism for activating carboxylase or light brings about production ofan inhibitor of RuBP carboxylase activity. Whatever the precise mechanism, nothing prevents the bicarbonate stimulated activation of the enzyme from the mutant to normal levels of activity once it is released from the cell. This is indicated in Figure 5 . In this experiment, leaf homogenates were prepared from illuminated wild-type and mutant plants as described clines to about 30%0 of the maximal level of wild-type activity.
Time (min) Cessation of illumination did not cause any immediately apparent The effect of high levels of bicarbonate on the activation state change of activity levels. These results are therefore consistent carboxylase in protoplasts of wild-type and mutant Arabidopsis. with similar experiments performed on intact plants but show, in -type; (0), mutant CS207 1. addition, that light induces a transient increase in the activation state of carboxylase. The kinetics of this response suggest the h as the protoplasts were subject to mechanical injury and depletion or accumulation of a regulatory metabolite rather than -bicarbonate level could not be maintained at low concen-a defect in a regulatory protein or other structural component of because of photosynthetic depletion. These problems were the chloroplast. As with intact plants, the provision of high (5 mM) mnted by distributing protoplast suspensions of low Chl levels of bicarbonate to the protoplast suspensions did not over-*ation as small droplets which were continually flushed come the decline in activation state of RuBP carboxylase in the as stream of the desired composition (350 ,u1/1 C02, 2% mutant (Fig. 7) . Plant Physiol. Vol. 70, 1982 Chloroplast Studies. In addition to C02, Mg2+ and Pi have been reported to be required for activation of RuBP carboxylase (5, 11) . Inasmuch as protoplasts are impermeable to these compounds, we sought to establish conditions for reproducing the effect in chloroplasts so that possible regulatory compounds, such as Pi, could be provided exogenously. By employing conditions similar to those used with protoplasts and maintaining the CO2 concentration at nearly normal levels, the chloroplasts from the mutant were clearly distinguishable from those of the wild-type in that RuBP carboxylase activity declined during illumination in the mutant but remained stable in the wild-type (Fig. 8) . Thus, the effect of the mutation in CS2071 is expressed in isolated chloroplasts provided with optimal levels of exogenous Pi. We conclude that the loss of RuBP carboxylase activity in illuminated protoplasts is due to a defect in some aspect of chloroplast structure or metabolism.
Experiments with chloroplasts maintained in normal levels of CO2 were subject to more variability than with protoplasts. For instance, carboxylase activity in wild-type chloroplasts occasionally exhibited a bicarbonate-reversible decline during illumination which seemed to be due to photosynthetic CO2 depletion of the medium. Thus, it was important to use low Chl concentrations and rates of gassing high enough to permit CO2 replenishment but not so high as to result in substantial evaporation from the chloroplast suspensions. The stimulation of RuBP carboxylase activity by light was also very variable with chloroplasts and appeared to depend primarily on the preincubation conditions. For instance, in the experiment presented in Figure 8 , the carboxylase activity in wild-type chloroplasts showed no increase following illumination. In contrast, chloroplasts which were preincubated in C02-free conditions before use showed a relatively low level of RuBP carboxylase activity which increased during subsequent illumination in high (5 mM) levels of bicarbonate (Fig. 9 ). It appears that chloroplasts differ in some significant way from protoplasts with respect to the effect of illumination on RuBP carboxylase activity. The cause of this difference is not known.
The results presented in Figure 9 are of interest in that the provision of high levels of bicarbonate apparently prevented the decline of RuBP carboxylase activity in chloroplasts from the mutant. This observation suggests that the inactivation phenomenon is not obligatory and is probably due to a metabolic defect rather than to a structural defect in the chloroplast. The characteristics of the rca mutant are not explicable on the basis of our current understanding of the properties of RuBP carboxylase and the chloroplast milieu. Although we have been unable to establish the nature of the primary genetic lesion, the characteristics of the mutant must be accounted for in any future models concerning the regulation of Calvin cycle activity. The mutant may also be useful as parental material in future searches for mutations which increase the rate of C02-fixation. That is, since the factor limiting C02-fixation by the mutant is RuBP carboxylase, it may be possible to select directly for an alteration in the carboxylase which renders it independent of the regulatory agent.
